INTRODUCTION
The mammalian core cell cycle machinery is composed of cyclins and their associated cyclin-dependent kinases (Cdks). Cyclin-Cdk complexes phosphorylate several cellular proteins, thereby driving cell cycle progression (Malumbres and Barbacid, 2009 ). Among the cell cycle regulators, D-type cyclins have received particular attention, due to their very frequent involvement in the pathogenesis of human cancers and their role as oncogenes (Deshpande et al., 2005; Fu et al., 2004) .
The family of mammalian D-type cyclins is composed of three highly homologous proteins, cyclin D1, D2 and D3. These proteins are expressed in an overlapping fashion in all proliferating cell types (Musgrove et al. 2011 ). D-cyclins bind and activate Cdk4 and Cdk6, resulting in phosphorylation of the retinoblastoma protein pRB, as well as of the related p107 and p130 proteins. pRB phosphorylation causes de-repression and activation of pRBbound E2F transcription factors, which promote cell cycle progression and DNA synthesis (S-phase) (Sherr and Roberts, 2004) .
Consistent with their growth-promoting functions, overexpression of D-type cyclins plays a causative role in development of a large number of human cancers. In several instances cyclin D-overexpression is driven by gene amplifications or translocations. Indeed, the gene encoding cyclin D1 represents the second most frequently amplified locus in the human cancer genome (Beroukhim et al. 2010) . Also, genes encoding cyclins D2 and D3 are frequently amplified or rearranged in human cancers (Deshpande et al., 2005) . Moreover, several human cancers overexpress particular cyclin D proteins without detectable genetic alterations (Diehl, 2002) .
Analyses of knockout mice lacking D-type cyclins and their catalytic partners, Cdk4 and Cdk6 provided extensive genetic evidence for the role of cyclin D-Cdk4/6 complexes in driving cell proliferation. Thus, mice lacking cyclins D1, D2, D3, Cdk4 or Cdk6 displayed proliferative deficiencies in specific cell compartments (reviewed in Sherr and Roberts, 2004) . Combined ablation of all three D-type cyclins resulted in an embryonic lethality of cyclin D1 −/− D2 −/− D3 −/− mice, due to a block in proliferation of fetal liver hematopoietic cells (Kozar et al., 2004) . These results were recapitulated in mice lacking Cdk4 and Cdk6, which also displayed severe proliferative failure in this compartment (Malumbres et al., 2004) . Hence, analyses of knockout animals firmly established the function for D-cyclins in driving cell proliferation in vivo.
The embryonic lethality of cyclin D1 −/− D2 −/− D3 −/− mice restricted analyses of the function of all three D-cyclins in vivo to fetal development. In the current study, we set out to circumvent this lethality by generating conditional cyclin D triple-knockout mice. Using these mice, we studied the consequence of an acute ablation of all three D-cyclins in the bone marrow of adult mice. Unexpectedly, shut down of D-cyclins led to extensive apoptosis of all hematopoietic cell types. We found that adult hematopoietic stem cells are particularly dependent on D-cyclins for survival, and they are especially sensitive to cyclin D loss. Our mechanistic analyses revealed that D-cyclins repress the expression of the death receptor, Fas and its ligand, FasL. These findings provide a mechanism linking a cyclin protein to cell survival in normal homeostasis in vivo.
RESULTS

Generation of Conditional 'Triple-Knockout' Cyclin D1 F/F D2 −/− D3 F/F Mice
In order to address the requirement for cyclin D function in adult mice, we interbred cyclin D1 F/F and D3 F/F conditional knockout mice (Choi et al., 2011) with cyclin D2 −/− animals. The latter strain develops normally, except for gonadal hypoplasia (Sicinski et al., 1996) . After a few rounds of crosses, we generated conditional 'triple-knockout' cyclin D1 F/F D2 −/− D3 F/F (TKO) mice ( Figure S1A ). These animals are viable, consistent with the expectation that the 'floxed' cyclin D alleles are functionally wild-type.
Acute Ablation of D-cyclins in Adult Bone Marrow
We previously found that D-cyclins are essential for embryonic hematopoiesis. Specifically, ablation of all three D-cyclins blocked rapid expansion of embryonic hematopoietic stem/ progenitor cells, which takes place in fetal livers during midgestation. Consequently, cyclin D1 −/− D2 −/− D3 −/− mice died during embryogenesis due to a severe anemia (Kozar et al., 2004) . Outside hematopoiesis, other cell types seemed to be unaffected by cyclin D-loss, indicating that most embryonic cell types can proliferate without D-cyclins (Kozar et al., 2004 ).
In the current study, we decided to test the requirement for D-cyclins in adult hematopoiesis, which mostly takes place in the bone marrow. The hematopoietic system is hierarchically organized with the hematopoietic stem cell (HSC) at the apex. This defined hierarchy of hematopoietic stem cells, progenitors and lineage-committed cell types, combined with our ability to isolate these cells based on surface markers, allowed us to study the requirement for D-cyclins in stem/progenitor cells as well as at later stages of hematopoiesis.
To ablate D-cyclins in adult bone marrow, we intercrossed TKO mice with Mx1-Cre animals. The latter strain expresses inducible Cre recombinase in hematopoietic cells. Administration of polyI-polyC (pI-pC) to Mx1-Cre animals activates Cre leading to deletion of the 'floxed' sequences in bone marrow cells, including very efficient deletion in hematopoietic stem cells (Kuhn et al., 1995) . We verified that Cre recombinase was expressed at the same levels in bone marrows of control Mx-Cre + ;D1 F/+ D2 +/− D3 F/+ (MxCntrl) and experimental Mx-Cre + ;D1 F/F D2 −/− D3 F/F (MxTKO) animals ( Figure S1B ), and that pI-pC administration led to an efficient deletion of the floxed cyclin genes in hematopoietic cells ( Figure S1C ).
Acute ablation of all three D-cyclins in bone marrows of MxTKO mice resulted in 100% lethality within 11 days following pI-pC administration ( Figure 1A ). Moribund MxTKO mice developed severe pancytopenia, as evidenced by a 7-fold reduction in red blood cell counts and a 6-fold decrease in the number of white blood cells ( Figures 1B-1D ).
Histopathological analyses of the bone marrows revealed that nearly all nucleated cells were lost in MxTKO animals ( Figures 1E-1G and S1D ). This loss encompassed all lineages including myeloid (Gr1 + ,CD11b + ), erythroid (Ter119 + ), lymphoid B-cells (B220 + ) and Tcells (CD3 + ) ( Figure 1G ). Consistent with these findings, MxTKO bone marrow was devoid of any colony forming units, as judged by methylcellulose assays ( Figure 1H ). The disappearance of hematopoietic cells following an acute shutdown of D-cyclins suggested that ablation of D-cyclins might have triggered cell death of all bone marrow cells.
To determine whether the loss of bone marrow cells was caused by an intrinsic defect in hematopoietic cells, we performed bone marrow transplantation experiments (Fleming et al., 2008) . Wild-type recipient mice received a lethal dose of irradiation, which ablated their own bone marrow, and then were reconstituted with undeleted MxTKO bone marrow cells. Following reconstitution, wild-type recipients were treated with pI-pC, thereby deleting Dcyclins exclusively in the engrafted hematopoietic cells. This led to a disappearance of bone marrow cells and to death of the animals ( Figure 1I ), recapitulating the effect seen in \intact MxTKO mice ( Figure 1A) . Collectively, these analyses revealed that the D-cyclins play a cell autonomous, rate-limiting function in bone marrow hematopoietic cells.
Rapid Apoptosis of Hematopoietic Stem Cells Following Ablation of D-cyclins
To gauge the response of hematopoietic stem cells to cyclin D shutdown, we investigated early time-points following ablation of D-cyclins, when the total numbers of bone marrow cells have not yet been impacted. We treated animals with a single dose of pI-pC, collected bone marrow cells after 12, 48 and 96 hours, and stained them with surface markers for hematopoietic stem cells (Lin low c-kit + Sca + CD48 − CD150 + , further called HSC). We then used flow cytometry to quantify HSC numbers at different time-points after cyclin D shutdown (Figure 2A ). Strikingly, we observed that approximately 50% of stem cells disappeared as early as 12 hours after ablation of D-cyclins ( Figure 2B ), while the number of more mature bone marrow cells remained unchanged at this time-point ( Figure 2C ). Essentially 100% of stem cells disappeared within 48 hours ( Figure 2B ), a time-point when more mature bone marrow cells displayed a slight, but statistically non-significant drop in cell numbers ( Figure 2C ). At 96 hours, the HSC were essentially undetectable (Figures 2B and 2D) , while the numbers of more mature bone marrow cells were reduced by 50% ( Figure 2C ). These observations suggested that HSC are particularly dependent on D-cyclins for their survival, as they are especially sensitive to cyclin D ablation.
Ablation of D-cyclins Leads to Apoptosis of Quiescent Stem/Progenitor Cells
Unlike embryonic hematopoietic stem cells, which are rapidly proliferating, adult bone marrow hematopoietic stem cells represent a largely non-dividing, quiescent cell population (Wilson et al., 2008) . On the other hand, D-cyclins are believed to be expressed in proliferating cells where they govern G1 phase progression (Sherr and Roberts, 2004) . Intrigued by the loss of HSC following shutdown of D-cyclins, we flow sorted HSC from intact wild-type animals and determined that these cells express all three D-type cyclins ( Figure S2A ). We next injected MxTKO and MxCntrl mice with a single pI-pC dose and evaluated whether quiescent hematopoietic stem/progenitor cells (lineage-negative, c-Kit+ and Sca+, further called HSPC) undergo apoptosis upon acute ablation of D-cyclins. Quiescent (G 0 ) HSPC cells were identified by means of Ki67 and DAPI staining, the standard procedure used to analyze quiescent stem cells (Gurumurthy et al., 2010; Wilson et al., 2008; Rossi et al., 2007) . Staining of these cells for cleaved caspase 3 revealed widespread apoptosis of quiescent HSPC following ablation of . In contrast, essentially no apoptosis was detected among HSPC of control animals, which were treated in the same way ( Figures 2E and 2F ). These observations indicated that D-cyclins play a rate-limiting, pro-survival function in quiescent hematopoietic stem/progenitor cells.
Apoptosis of All Bone Marrow Cells After Shutdown of D-cyclins
Analyses of bone marrow cells at later time-points indicated that eventually all hematopoietic cells underwent apoptosis following shutdown of D-cyclins, explaining the lethality seen in triple knockout animals. Within the whole bone marrow cell population, an increased apoptotic rate was first detected at 96 hours ( Figure 3A ), and by 6 days the majority of bone marrow cells were TUNEL positive ( Figures 3B and 3C ). These results indicate that all adult hematopoietic cells depend on D-cyclins for survival.
Given this widespread apoptosis of bone marrow cells, we asked whether blocking the apoptotic process might at least partially recue the phenotype of cyclin D shutdown. Since activation of caspases represents a central step in the execution of apoptosis (Strasser et al., 2009) , we attempted to block this step by administering an irreversible broad-spectrum caspase inhibitor, QVD-OPh (Caserta et al., 2003) to MxTKO animals concomitantly with ablation of D-cyclins. Inhibition of caspase activation significantly reduced the extent of bone marrow cell apoptosis following D-cyclin ablation ( Figures 3D-3G ) and partially protected against the loss of bone marrow cells ( Figures 3D and S2B ).
It should be noted that in addition to the apoptotic response, ablation of D-cyclins blocked proliferation of bone marrow cells ( Figures S2C and S2D ). For this reason, inhibition of the apoptotic process only partially rescued the phenotype of cyclin D-deficiency, as cell cycle arrest was still in place following QVD-OPh treatment ( Figures S2E and S2F) . Collectively, these analyses established caspase-dependent hematopoietic cell death as a mechanism of the loss of bone marrow cells following ablation of D-cyclins.
D-Cyclins Regulate Apoptosis through Fas and FasL
In order to gain mechanistic insights into the pro-survival function of D-cyclins in hematopoietic cells, we evaluated the transcriptional changes in bone marrow cells following an acute ablation of D-cyclins. We focused our analysis on 84 key apoptosisrelevant genes, using an RT-PCR based Apoptosis PCR Array ( Figure 4A ). Transcripts of eight genes were consistently upregulated upon cyclin D shutdown in bone marrow cells ( Figures 4B, 4C and Table S1 ). Two of these genes encode pro-apoptotic proteins, which function within the same pathway to induce cell death: the death receptor Fas and its ligand, FasL (Strasser et al., 2009 ). We confirmed upregulation of the Fas protein as well as increased cell surface expression of both Fas and FasL in cyclin D-deleted hematopoietic cells ( Figures 5A and 5B) . We also confirmed upregulation of Fas and FasL transcripts in hematopoietic stem/progenitor cells in vivo following ablation of D-cyclins ( Figure 5C ).
Interaction of the death receptor Fas with its ligand, FasL triggers cell death via an extrinsic apoptotic process that involves activation of caspase 8 (Strasser et al., 2009 ). Indeed, we observed activation of caspase 8 following cyclin D deletion in hematopoietic cells (Figures 5D and 5E) . At these early time-points we detected no changes in mitochondrial membrane potential ( Figure S3A ). However, at later times, changes in mitochondrial membrane potential were observed ( Figure S3A ), consistent with the fact that the extrinsic pathway may lead to mitochondrial activation (Strasser et al., 2009 Figure S3B and data not shown), suggesting that these pathways do not play a major role in hematopoietic cell death following shutdown of D-cyclins. 
D-cyclins Repress Expression of Fas and FasL via E2F1
In order to understand how D-cyclins regulate the expression of Fas and FasL in bone marrow cells, we focused on the pRB→E2F pathway. It is well established that D-cyclins control the activity of E2F transcription factors by phosphorylating pRB; pRB phosphorylation results in release or de-repression of E2F transcriptional activity (Trimarchi and Lees, 2002; Sherr and Roberts, 2004) . Consistent with this model, we observed that ablation of D-type cyclins in bone marrow cells strongly decreased pRB phosphorylation ( Figures S4A and S4B ), leading to reduced levels of E2F transcriptional targets ( Figure  S4C ). The E2F1 gene represents an established E2F target (Neuman et al., 1995) , and its expression was strongly reduced in total bone marrow, in hematopoietic stem/progenitor cells and in hematopoietic stem cells upon cyclin D shutdown ( Figures 6A, 6B , and data not shown). Moreover, the E2F1 protein was virtually undetectable in bone marrow cells following acute cyclin D shutdown ( Figure 6C ). In contrast, the levels of E2F2 and E2F3 were not affected ( Figures 7A and 7C ).
Genetic ablation of E2Fs1-3 was shown to result in apoptosis of several compartments, including bone marrow cells, revealing that E2Fs play pro-survival roles in vivo Chong et al., 2009; Trikha et al., 2011) . Therefore, we asked whether an acute loss of E2F1 upon cyclin D ablation might be responsible for upregulation of the Fas and FasL transcripts. To address this, we first knocked down E2F1 in hematopoietic cells ( Figures  S5A-S5C ). We observed that this led to increased expression of the endogenous Fas and FasL transcripts ( Figure 6D ) and was sufficient to trigger apoptosis of hematopoietic cells (Figures 6E-6G) . Importantly, treatment of hematopoietic cells with an anti-FasL neutralizing antibody inhibited apoptosis triggered by E2F1 knockdown ( Figure S5D ).
To establish a direct link between E2F1 and Fas/FasL expression, we utilized promoters of these two genes in promoter-reporter assays, and gauged their activity in the presence of ectopically expressed E2F1, E2F2 or E2F3. We observed that ectopic expression of E2F1 repressed activity of Fas and FasL promoters, whereas E2F2 or E2F3 did not have a repressive effect ( Figures 6H, and S5E) . We next flow sorted hematopoietic stem/progenitor cells from wild type mice and examined the association of the endogenous E2F1 with the Fas gene promoter using chromatin immunoprecipitation (ChIP). We observed that E2F1 physically associates with the Fas promoter in HSPC ( Figures 6I, and S5F) . Moreover, deletion of the E2F1-binding region (defined by the ChIP analysis) from the Fas promoter abrogated the repressive effect of E2F1 in promoter-reporter assays ( Figures S5G and S5H) . Furthermore, the effect of E2F1 on the wild-type Fas promoter was essentially lost when E2F1 DNA non-binding and transactivation-deficient mutant (Hsieh et al., 1997) was used in these assays ( Figure S5G ). (Fry et al., 2004; Lukas et al., 1995; Sherr and Roberts, 2004) .
It has recently become increasingly clear, however, that the function of cyclin D-Cdk4/6 complexes is not restricted to regulation of the cell cycle, and that the consequences of inhibition of these complexes extend beyond a transient cell cycle arrest (Choi and Sicinski, 2013) . For instance, D-cyclins, together with their catalytic partner proteins, Cdk4 and Cdk6, are powerful suppressors of cellular senescence (Zou et al., 2002; Ruas et al., 2007; Puyol et al., 2010; Anders et al., 2011) .
In order to delineate the in vivo functions of D-cyclins in an adult organism, in this study we examined the consequences of an acute shutdown of all three D-cyclins in bone marrow cells of adult mice. We focused on this compartment, because our previous work revealed that during embryogenesis D-cyclins are essential for proliferation of hematopoietic stem/ progenitor cells (Kozar et al., 2004) . Thus, constitutive, germline ablation of all three D-type cyclins resulted in a proliferative block in embryonic liver hematopoietic stem/progenitor cells, consistent with the well-established function for D-cyclins in driving cell proliferation (Kozar et al., 2004) . Unexpectedly, we now observed that ablation of D-cyclins in hematopoietic cells of adult mice triggered apoptosis. All hematopoietic cells died after shutdown of D-cyclins, indicating that D-cyclins are required for survival of all bone marrow cell types. Importantly, we found that adult hematopoietic stem cells are particularly sensitive to cyclin D loss, as apoptosis occurred first in stem cell compartments. These findings reveal that D-cyclins play a previously unanticipated major pro-survival function in the cells of adult organisms.
It remains to be seen why D-cyclins play a pro-survival role in adult bone marrow cells, but not in embryonic cells. One possibility is that in adult hematopoietic cells E2F1 transcription factor plays a rate-limiting role in repressing Fas and FasL expression, whereas in embryonic cells Fas/FasL genes are repressed by additional mechanism(s). Consequently, ablation of D-cyclins, and concomitant loss of E2F1 expression would cause apoptosis in adult hematopoietic cells but not in cells of a developing embryo.
It was originally reported, based largely on in vitro cell culture systems, that E2Fs1-3 act as activators of transcription, and can induce pro-apoptotic genes when overexpressed (reviewed in DeGregori and Johnson, 2006; Iaquinta and Lees, 2007) . However, genetic experiments from the Leone and Bremner groups revealed that E2Fs1-3 can function in mouse development as transcriptional repressors. Thus, conditional ablation of E2Fs1-3 in retinas, intestine and in bone marrow resulted in an increased apoptotic rate, although not as wide-spread as the one described here upon cyclin D loss Chong et al., 2009; Trikha et al., 2011) . In the context of retinas, the apoptosis was caused by altered expression of an E2F target, Sirt1 ). However, Sirt1 expression was not affected by ablation of D-cyclins in bone marrow cells of MxTKO mice (data not shown). Trikha et al. (2011) used MxCre mice to delete E2Fs1-3 in bone marrow cells, and observed increased apoptosis in the myeloid cells. The authors did not report the molecular basis of this phenomenon, but observed that E2Fs1-3 act in this lineage as transcriptional repressors. It should be noted that Trikha et al. (2011) used constitutive E2F1 knockout mice that could have masked the full effect of a sudden E2F1 loss due to possible compensatory mechanisms.
Our study suggests a model that in adult hematopoietic cells D-cyclins inhibit apoptosis by maintaining levels of E2F1, which represses the death receptor Fas and its ligand, FasL (Figure 8 ). Cellular apoptosis can be mediated by two distinct pathways: an 'extrinsic' pathway triggered by the engagement of the death receptor, which involves activation of caspase 8, and an 'intrinsic' pathway propelled by mitochondrial damage, which causes release of cytochrome c and activation of caspase 9 (Strasser et al., 2009 ). Our study revealed that D-cyclins control the extrinsic pathway, as evidenced by Fas-mediated activation of caspase 8 upon cyclin D ablation, the lack of mitochondrial involvement at early stages of apoptosis, and by the ability of anti-FasL antibodies to block apoptosis of hematopoietic cells. It will be interesting to determine whether breeding of cyclin D-triple knockout animals into Fas-null background (Adachi et al., 1995) would rescue at least some phenotypic manifestations of cyclin D-deficiency.
One of the most unexpected findings from our study is the observation that D-cyclins play a pro-survival function also in quiescent hematopoietic stem/progenitor cells. According to the current understanding, D-cyclins are expressed and function in proliferating cells. However, we demonstrated that quiescent hematopoietic stem cells express D-cyclins, and that Dcyclins protect these cells from apoptosis. At present, the extreme paucity of hematopoietic stem cells precludes detailed mechanistic analyses specifically in this cell type.
The work presented in this study revealed an unexpected anti-apoptotic function of critical cell cycle proteins. The functional significance of our findings is highlighted by the observation that widespread apoptosis represented a major consequence of cyclin D ablation in the bone marrow of adult animals. These analyses reveal that D-cyclins play a particularly important role in maintaining cellular mass, both by driving cell division and by acting as essential, rate-limiting regulators of cell survival.
EXPERIMENTAL PROCEDURES Generation of Triple-Knockout Cyclin D1 F/F D2 −/− D3 F/F Mice and Ablation of D-Cyclins in Bone Marrow
Genotyping of cyclin D triple-knockout mice is described in Supplemental Experimental Procedures. These animals were crossed with Mx1-Cre mice (from Jackson Laboratory). To delete D-cyclins in hematopoietic cells, 6-10 weeks-old Mx1-Cre + ;D1 F/F D2 −/− D3 F/F (MxTKO) and control Mx1-Cre + ;D1 F/+ D2 +/− D3 F/+ animals were injected intraperitoneally, 1-5 times on alternate days, with 2.5 μg/g body weight of polyinosinic-polycytidylic acid (pI-pC, Amersham).
Histological Analyses and In Vivo BrdU Incorporation Assay
Paraffin-embedded 5 μm-thick sections were stained with Wright-Giemsa, hematoxylin and eosin, BrdU or TUNEL as described below. For BrdU incorporation, mice were injected intraperitoneally with 1mg of BrdU and sacrificed after 2 hours. Bone marrow cells were harvested, assayed with BrdU-Flow kit (BD Biosciences) and analyzed by FACS.
Apoptosis Assays
The apoptotic rate was quantified by TUNEL staining using in situ cell death kit (Roche, Germany) or by FACS analysis using ApoBrdU kit (Phoenix Flow Systems). Cleaved caspase 3 and cleaved caspase 8 were quantified by intracellular staining (CaspGlow 3 or CaspGlow 8 kits from Biovision). To gauge apoptosis of HSC or HSPC, cells were stained with Annexin V-FITC and 7AAD (BD Biosciences) and analyzed by FACS.
Flow Cytometry, Hematological Analyses and Bone Marrow Reconstitution
Description of hematological and flow cytometric analyses, including staining of HSC and HSPC (LKS), as well as non-competitive marrow transplantation assays are described in the Supplemental Experimental Procedures.
Knockdown of E2F1 in Bone Marrow Cells
Primary wild-type bone marrow cells were cultured in RPMI supplemented with 10% heatinactivated FBS (Hyclone), Pen/Strep (100U/ml, Invitrogen), mSCF (1 or 10ng/ml), mIL-3 (10ng/ml; Peprotech) and mIL-6 (10ng/ml; Peprotech), and infected with shE2F1 lentivirus (sc-35247, Santa Cruz) or Scramble control lentivirus (sc-108080, Santa Cruz) and assayed for knockdown of E2F1 using RT-qPCR and nested PCR (sc-35247PR). Three anti-E2F1 shRNA sequences were used: (a) 5'-CGC TAT GAA ACC TCA CTA ATT CAA GAG ATT AGT GAG GTT TCA TAG CGT TTT T-3'; (b) 5'-CCA AGA AGT CCA AGA ATC ATT CAA GAG ATG ATT CTT GGA CTT CTT GGT TTT T-3' and (c) 5'-GAA GGA TGT TGT ACA GTG TTT CAA GAG AAC ACT GTA CAA CAT CCT TCT TTT T-3'. In experiments shown in Figure S5D , 50 μg/ml of anti-FasL neutralizing antibody (clone MFL3, BioLegend) or isotype control Hamster IgG (clone HTK888, BioLegend) was added to the culture medium contemporaneously with E2F1 knockdown.
QVD-OPh Caspase Inhibitor Rescue In Vivo
MxTKO and MxCntrl mice were injected once with pI-pC and twice with QVD-OPh (irreversible broad-spectrum caspase inhibitor, 25 mg/kg body weight, from Biovision) on days 0 and 3. On day 6, mice were sacrificed and bone marrow sections were stained with hematoxylin and eosin or TUNEL. In addition, TUNEL staining was quantified by FACS.
Anti-FasL Neutralization in Vivo
MxTKO and MxCntrl mice were injected intraperitoneally once with pI-pC plus one injection of either anti-FasL neutralizing antibody (clone MFL3, BioLegend), or isotype control Hamster IgG (clone HTK888, BioLegend). Mice were sacrificed 48 hours after treatment, and HSC and HSPC were analyzed by Annexin V/7AAD staining.
Western Blotting and Fas/FasL Surface Staining
Whole cell extracts were prepared from bone marrows and proteins solubilized as described before (Anders et al., 2006) , immunoblotted and probed with antibodies against cyclin D1 (Neomarker), cyclin D3 (C-16, Santa Cruz), E2F1 (Santa Cruz), E2F2 (Santa Cruz), E2F3 (Santa Cruz), Fas (Millipore) , Cre (Novagen), cleaved caspase 8 (8592, Cell Signaling), tubulin (DM1A, Sigma) and hemagglutinin (HA.11, Covance). For pRB phosphorylation analysis, cells were fixed, permeabilized, and stained with phycoerythrin (PE)-mouse antiphospho-pRbS780 antibody (BD Biosciences) or isotype IgG1 control and analyzed by FACS. For surface staining of bone marrow cells, anti-Fas-PE (BD Biosciences) and antiFasL-FITC or -PE (BioLegend) antibodies were used, followed by FACS analysis. In (B) , (C) and (F) , error bars denote SD. See also Figure S2 . 
HIGHLIGHTS
